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ABSTRACT

OBJECTIVE

To develop and externally validate a prediction model
for severe cisplatin associated acute kidney injury

http://dx.doi.org/10.1136/ (CP-AKI).

bmj-2023-077169 DESIGN

Accepted: 25 February 2024 Multicenter cohort study.
SETTING

Six geographically diverse major academic cancer
centers across the US.

PARTICIPANTS
Adults (=18 years) receiving their first dose of
intravenous cisplatin, 2006-22.

MAIN OUTCOME MEASURES

The primary outcome was CP-AKI, defined as a twofold

or greater increase in serum creatinine or kidney
replacement therapy within 14 days of a first dose

of intravenous cisplatin. Independent predictors

of CP-AKI were identified using a multivariable
logistic regression model, which was developed in a
derivation cohort and tested in an external validation
cohort. For the primary model, continuous variables
were examined using restricted cubic splines. A
simple risk model was also generated by converting
the odds ratios from the primary model into risk
points. Finally, a multivariable Cox model was used to
examine the association between severity of CP-AKI
and 90 day survival.

RESULTS

Atotal of 24 717 adults were included, with
11766 in the derivation cohort (median age 59
(interquartile range (IQR) 50-67)) and 12951 in
the validation cohort (median age 60 (IQR 50-67)).

WHAT IS ALREADY KNOWN ON THIS TOPIC

Studies of cisplatin associated acute kidney injury (CP-AKI) have identified risk
factors such as older age, hypertension, and higher cisplatin dose

These studies were limited by modest sample size, lack of external validation,
non-contemporary data, and use of liberal definitions of acute kidney injury

WHAT THIS STUDY ADDS

In this study, a simple risk score for predicting severe CP-AKI was derived
based on readily available date from »24 000 adults treated with a first dose of
intravenous cisplatin across six US cancer centers during 2006-22

This risk score can be used to identify those who may benefit from closer
monitoring, preventive measures, and consideration for alternative treatments
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The incidence of CP-AKI was 5.2% (608/11 766)

in the derivation cohort and 3.3% (421/12951) in
the validation cohort. Each of the following factors
were independently associated with CP-AKI in the
derivation cohort: age, hypertension, diabetes
mellitus, serum creatinine level, hemoglobin level,
white blood cell count, platelet count, serum albumin
level, serum magnesium level, and cisplatin dose.

A simple risk score consisting of nine covariates

was shown to predict a higher risk of CP-AKl in a
monotonic fashion in both the derivation cohort

and the validation cohort. Compared with patients

in the lowest risk category, those in the highest risk
category showed a 24.00-fold (95% confidence
interval (Cl) 13.49-fold to 42.78-fold) higher odds

of CP-AKI in the derivation cohort and a 17.87-fold
(10.56-fold to 29.60-fold) higher odds in the
validation cohort. The primary model had a C statistic
of 0.75 and showed better discrimination for CP-AKI
than previously published models, the C statistics
for which ranged from 0.60 to 0.68 (DeLong P<0.001
for each comparison). Greater severity of CP-AKI was
monotonically associated with shorter 90 day survival
(adjusted hazard ratio 4.63 (95% Cl 3.56 to 6.02) for
stage 3 CP-AKI versus no CP-AKI).

CONCLUSION

This study found that a simple risk score based on
readily available variables from patients receiving
intravenous cisplatin could predict the risk of severe
CP-AKI, the occurrence of which is strongly associated
with death.

Introduction

Cisplatin is a potent chemotherapeutic drug used to
treat a wide range of cancers.! Despite efforts to find
less toxic yet equally effective alternatives, cisplatin
remains a preferred treatment option for advanced
bladder cancer? and non-small cell lung cancer,® and
it is widely used in the treatment of mesothelioma,*
head and neck cancer,’ ¢ gynecologic cancers,” 8 and
testicular cancers.” 1 Acute kidney injury is one of the
most common and serious toxicities due to cisplatin
use. Cisplatin associated acute kidney injury (CP-AKI)
can increase susceptibility to extrarenal toxicities from
cisplatin and other renally cleared chemotherapies,
as well as jeopardize eligibility for further treatment
with cisplatin, or participation in clinical trials of other
cancer treatments.'! 12
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Given the frequency with which cisplatin is
administered globally and the high burden of
nephrotoxicity associated with its use, understanding
which patients are at highest risk for CP-AKI is
important. Accurate assessment of susceptibility to
CP-AKI can help clinicians weigh the risks and benefits
of cisplatin, adjust the dose as needed, identify those
who should be monitored more frequently, and allow
researchers to enrich prospective patient cohorts
(eg, for clinical trials testing novel interventions
for the prevention of CP-AKI). Previous studies that
investigated risk factors for CP-AKI were limited by
small sample size, lack of external validation, non-
contemporary data, heterogeneous definitions of acute
kidney injury, and inclusion of biomarkers that are not
readily available in clinical practice.”>'® Moreover,
most studies used liberal definitions of acute kidney
injury based on small changes in serum creatinine
levels and thus did not assess the more severe and
clinically relevant manifestations of CP-AKI.

To deal with these limitations and fill a key
knowledge gap, we derived and externally validated a
prediction model for moderate-to-severe CP-AKI using
data from six large contemporary cohorts.

Methods

Study design

We conducted a multicenter cohort study of adults (=18
years) treated with intravenous cisplatin at six major
academic cancer centers across the US: Memorial
Sloan Kettering Cancer Center, Massachusetts General
Hospital, Dana-Farber Cancer Institute, MD Anderson
Cancer Center, University of Colorado, and Northwell
Health.

Study population

The study sample included adults (>18 years) receiving
a first dose of intravenous cisplatin as an inpatient or
outpatient between 2006 and 2022. We excluded
patients with end stage kidney disease, those with
a missing baseline serum creatinine value (defined
as the value in the 30 days that was closest to, and
preceding, the first dose of intravenous cisplatin), and
those without at least one follow-up serum creatinine
value in the first 14 days after a first dose of intravenous
cisplatin.

Data collection

We collected data on age, sex, race, ethnicity, body
mass index, comorbidities (hypertension, diabetes
mellitus, chronic obstructive pulmonary disease,
congestive heart failure, cirrhosis), status as a current
or former smoker, baseline laboratory values (serum
creatinine, white blood cell and platelet counts,
hemoglobin, and serum magnesium, calcium, and
albumin), date and dose of administered cisplatin, and
receipt of other nephrotoxic chemotherapy (immune
checkpoint inhibitors, pemetrexed, cetuximab, and
ifosfamide) administered within 30 days before
cisplatin. Baseline laboratory values were defined as
the values in the 30 days closest to and preceding the
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first dose of intravenous cisplatin. To assess outcomes,
we collected data on serum creatinine level, kidney
replacement therapy, and survival after treatment with
cisplatin.

Data on comorbidities were extracted using ICD-9
and ICD-10 (international classification of diseases,
ninth revision and 10th revision, respectively) codes
(see supplemental table S1). Baseline estimated
glomerular filtration rate was calculated using the 2021
Chronic Kidney Disease Epidemiology Collaboration
equation,'® which incorporates age, sex, and serum
creatinine level.

Primary outcome

The primary outcome was CP-AKI, defined as a twofold
or greater increase in serum creatinine level compared
with baseline or kidney replacement therapy within
14 days after the first dose of cisplatin, consistent
with stage 2 or 3 acute kidney injury defined by the
Kidney Disease: Improving Global Outcomes (KDIGO)
consensus guidelines.?® For the primary outcome we
focused on moderate-to-severe acute kKidney injury, as
it is more clinically relevant than milder forms of acute
kidney injury.

Secondary outcomes

Two of the secondary outcomes were based on
alternative definitions for CP-AKI—one more liberal
than the definition used for our primary outcome and
one more strict. For the more liberal definition (the
first secondary outcome), we defined CP-AKI according
to modified KDIGO acute kidney injury criteria as an
increase in serum creatinine concentration =26.5
pmol/L compared with baseline, a 21.5-fold increase
in serum creatinine level compared with baseline, or
kidney replacement therapy within 14 days of a first
dose of intravenous cisplatin. For the stricter definition
(the second secondary outcome), we defined CP-AKI
according to modified KDIGO stage 3 criteria for acute
kidney injury as a threefold or greater increase in serum
creatinine level compared with baseline or kidney
replacement therapy within 14 days after a first dose of
intravenous cisplatin. For a third secondary outcome,
we examined the composite outcome of major adverse
kidney events within 90 days, defined as death within
90 days, kidney replacement therapy within 90 days,
or persistent kidney dysfunction (increase in serum
creatinine level >100% compared with baseline) at
day 90 (defined as the closest value within 30 days
before or after day 90) after a first dose of intravenous
cisplatin.

Statistical analysis

Categorical data are shown as numbers (percentages)
and continuous variables as median (interquartile
range (IQR)). The derivation cohort comprised patients
treated at Memorial Sloan Kettering Cancer Center, and
the external validation cohort comprised those treated
at the remaining five hospitals. The supplemental
methods present sample size calculations for optimism
in apparent model fit and for model validation.

doi: 10.1136/bmj-2023-077169 | BMJ 2024;384:e077169 | thebmj
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Development of the primary model—Using multivariable
logistic regression, we identified independent predictors
of CP-AKI in the derivation cohort. Candidate variables
were selected for consideration for inclusion in the final
model based on clinical knowledge, biologic plausibility,
univariate associations, and parsimony. We examined
continuous variables using restricted cubic splines,
with knots placed at the 5th, 27.5th, 50th, 72.5th, and
95th centiles of each variable. Variables were selected
for the final model using backward elimination using a
significance threshold of P=0.1. Multiple imputation by
chained equations was used to impute missing data,
with 20 complete datasets created and results pooled
using Rubin’s rules.?! Spline terms were identified on one
imputed dataset and imposed on all imputed datasets.

Development of a simple risk model—Next, we
sought to develop a parsimonious and clinically useful
integer based score for CP-AKI based on the primary
multivariable model. To do so, we evaluated each of
the continuous variables from the primary model in
categories based on clinically relevant cut-offs and
their association with CP-AKI (eg, age <45, 46-60, 61-
70 years; hemoglobin concentration <110, 110-119,
>120 g/L; white blood cell count <12.0, >12.0 x10°/L;
albumin <33, 33-38, >38 g/L; magnesium <0.82, >0.82
mmol/L; and cisplatin dose <50, 51-75, 76-100, 101-
125, 126-150, 151-200, >200 mg). We then assigned
each covariate an integer or half integer score derived
by dividing the odds ratio for that variable by the
smallest odds ratio in the model.?? The score for the
reference category for each variable was set at 0. We
calculated the total score for each patient by summing
the individual scores. Patients were then split into four
risk groups according to the distribution of their total
score: low, moderate, high, and very high. We used
logistic regression to calculate the odds ratios for CP-
AKI according to each risk score category, with the
low risk category serving as the reference group. In
an additional analysis, we divided the risk score into
fourths and calculated the odds ratio for CP-AKI, with
the lowest fourth serving as the reference group.

Calibration, discrimination, internal validation,
and comparison with previous models—Model
calibration was assessed with calibration plots, along
with estimates of calibration slope and intercept.
Discrimination was assessed by calculating the area
under the receiver operating characteristic curve (C
statistic) for the derivation and validation cohorts. The
model was internally validated with 500 bootstrap
samples. Model performance was evaluated by
comparing the C statistic for the primary model with
the C statistics from previous multivariable models for
CP-AKI*® ' 23 ysing the DeLong method and utilizing
data from the entire cohort (the derivation and
validation cohorts combined). Additionally, decision
curves were used to compare the performance of
both the primary and the simple models (Gupta et al)
with three previously published models (Bhat et al,
de Jongh et al, and Motwani et al).'* ** % These three
models were chosen as comparators because they
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were the largest models to date evaluating predictors
of CP-AKI using multivariable modeling.

Additional analyses and secondary outcomes—we
used similar methodology to assess the performance
of our primary model across a series of additional
analyses and to develop models for our three secondary
outcomes. First, we assessed CP-AKI or death in the
14 days after a first dose of intravenous cisplatin as a
composite outcome, because death is a competing risk
for acute kidney injury.>*?® Second, we modified the
time period for CP-AKI assessment to 10 days and 21
days after a first dose of intravenous cisplatin. Third, we
repeated the primary analysis but limited it to patients
treated with cisplatin in 2016 or later to determine
whether the performance of our model differed based
on earlier versus more contemporary data. Finally, we
repeated the primary analysis using complete case
analysis rather than multiple imputation for missing
data. We also performed an additional analysis where
we excluded patients who only had a follow-up serum
creatinine value in the first four days after a first dose
of intravenous cisplatin but no additional values.

CP-AKI severity and survival—Because acute kidney
injury is a strong predictor of mortality in other
contexts such as critical illness,?”' we examined the
association between severity of CP-AKI and survival.
We categorized CP-AKI into four groups: no acute
kidney injury, stage 1 acute kidney injury (an increase
in serum creatinine concentration >26.5 pmol/L or
a 1.5-1.9-fold increase in serum creatinine level),
stage 2 acute kidney injury (2-2.9-fold increase in
serum creatinine level), or stage 3 acute kidney injury
(23-fold increase in serum creatinine, or kidney
replacement therapy), each assessed within 14 days
after a first dose of intravenous cisplatin. We then used
Kaplan-Meier curves and multivariable Cox regression
models to examine the association between CP-AKI
stage with 90 day and one year survival. We also
examined the longer term association between CP-AKI
and the composite outcome of major adverse kidney
events within 365 days, defined as death or kidney
replacement therapy in the first 365 days, or persistent
kidney dysfunction (twofold or greater increase in
serum creatinine compared with baseline) at day 365
(defined as the closest value within 180 days before or
after day 365) after a first dose of intravenous cisplatin.
Models were adjusted for age, sex, body mass index,
hypertension, diabetes mellitus, chronic obstructive
pulmonary disease, current or former smoker, baseline
serum creatinine level, hemoglobin level, white blood
cell count, platelet count, serum albumin level, serum
magnesium level, cisplatin dose, and concomitant
nephrotoxic chemotherapy (pemetrexed, cetuximab,
ifosfamide, or immune checkpoint inhibitors within 30
days before a first dose of intravenous cisplatin).

Data analysis—Analyses were performed using R
version 3.6.3 (R Foundation).

Patient and public involvement
Patients were involved in the study through
participation in a focus group, as well as an
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anonymous survey (see supplemental methods),
where their perceptions of the study’s key findings
were assessed. Their feedback was also considered in
the design of an algorithm based on the risk prediction
model. Twenty seven patients who had previously
received intravenous cisplatin were asked to fill out a
survey (see supplemental methods), and 20 patients
(74%) completed it. Most patients (85%; 17/20)
thought that the findings of this study were important
to the scientific community, and that they would want
to know about this information when discussing the
risks and benefits of cisplatin with their oncologist
(see supplemental figure S1).

Results

Baseline characteristics and CP-AKI incidence—The
initial study population included 34122 patients
across six sites, comprising 15752 patients in the
derivation cohort and 18370 in the validation cohort.
After applying the exclusion criteria, the final dataset
consisted of 11766 patients in the derivation cohort

Derivation cohort
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and 12951 in the validation cohort (fig 1; also see
supplemental figure S2). Baseline characteristics were
largely similar between the two cohorts, though the
proportion of patients with hypertension, diabetes
mellitus, congestive heart failure, and cirrhosis was
higher in the validation cohort, and the proportion with
chronic obstructive pulmonary disease was higher in
the derivation cohort (table 1). Patients in the derivation
cohort also received a higher median dose of cisplatin
than those in the validation cohort. Supplemental table
S2 shows baseline characteristics by outcome status.

CP-AKI occurred in 608 patients (5.2%; 608/11766)
in the derivation cohort and 421 patients (3.3%;
421/12951) in the validation cohort. Rates of CP-AKI
were largely unchanged over time (see supplemental
figure S3).

Primary model—Each of the following was
independently associated with risk of CP-AKI in the
primary model: age, hypertension, diabetes mellitus,
serum creatinine level, hemoglobin level, white blood
cell count, platelet count, serum albumin level, serum

£ 15752
Patients from the Memorial Sloan Kettering
Cancer Center treated with intravenous cisplatin

{3986

Excluded

11 End stage kidney disease
1025 Without baseline serum creatinine level
2950 Without follow-up serum creatinine level

Included in derivation cohort

(

CP-AKI

Validation cohort

)

No CP-AKI

Patients from five sites treated with intravenous cisplatin

9010 MD Anderson Cancer Center
2514 Dana-Farber Cancer Institute

1158 Massachusetts General Hospital

3040 University of Colorado
2648 Northwell Health

Excluded

42 End stage kidney disease
2098 Without baseline serum creatinine level
3279 Without follow-up serum creatinine level

Included in derivation cohort

(

CP-AKI

)

No CP-AKI

Fig 1 | Flow of participants in derivation cohort and validation cohort. CP-AKI=cisplatin associated acute kidney injury

doi: 10.1136/bmj-2023-077169 | BMJ 2024;384:e077169 | thebmj
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Table 1 | Baseline characteristics of participants used to derive a simple risk score for predicting severe cisplatin
associated acute kidney injury. Values are number (percentage) unless stated otherwise

Characteristics
Personal information

All patients (n=24717)

Derivation cohort (h=11766)

Validation cohort (n=12951)

Median (IQR) age (years) 60 (50-67) 59 (50-67) 60 (50-67)
Male sex 14275 (57.8) 6935 (58.9) 7340 (56.7)
Race:
White 19378 (78.4) 9495 (80.7) 9,883 (76.3)
Black 1673 (6.8) 793 (6.7) 880 (6.8)
Asian/Pacific Islander 1449 (5.9) 803 (6.8) 646 (5.0)
Other/Unknown 2217 (9.0) 675 (5.7) 1542 (11.9)
Ethnicity:
Non-Hispanic 19597 (79.3) 9532 (81.0) 10065 (77.7)
Hispanic 2045 (8.3) 708 (6.0) 1337 (10.3)

Median (IQR) body mass index

26.8 (23.5-30.6)

26.7 (23.5-30.4)

27.0 (23.6-30.9)

Coexisting conditions

Diabetes mellitus 3259 (13.2) 1426 (12.1) 1833 (14.2)
Hypertension 7223 (29.2) 2900 (24.6) 4323 (33.4)
Chronic obstructive pulmonary disease 2368 (9.6) 1516 (12.9) 852 (6.6)
Current or former smoker 10810 (43.7) 6762 (57.5) 4048 (31.3)
Congestive heart failure 462 (1.9) 91 (0.8) 371 (2.9)
Cirrhosis 247 (1.0) 67 (0.6) 180 (1.4)
Baseline eGFR (mL/min/1.73m?)*:
Median (IQR) eGFR 91 (76-102) 90 (75-101) 92 (77-104)
>90 12856 (52.0) 5844 (49.7) 7012 (54.1)
60-89 9752 (39.5) 4908 (41.7) 4844 (37.4)
45-59 1763 (7.1) 865 (7.4) 898 (6.9)
45 346 (1.4) 149 (1.3) 197 (1.5)
Laboratory values (median (IQR))
WBC count (XlOg/L) 7.1(5.6-9.2) 7.1(5.6-9.1) 7.1(5.6-9.2)

Hemoglobin (g/L)

128 (113-140)

128 (114-140)

127 (112-140)

Platelet count (x10°/L)

250 (200-314)

255 (204-322)

245 (197-306)

Creatinine (umol/L)

72.5(61.9-88.4)

79.6 (61.9-88.4)

72.5 (60.1-86.6)

Magnesium (mmol/L) 0.8 (0.8-0.9) 0.9 (0.8-0.9) 0.8 (0.8-0.9)

Calcium (mmol/L) 2.3(2.3-2.4) 2.3(2.3-2.4) 2.4 (2.3-2.4)

Albumin (g/L) 41 (37-43) 41 (37-44) 41 (37-43)

Chemotherapy

Median (IQR) cisplatin dose (mg) 75 (55-130) 90 (60-160) 70 (47-97)

Nephrotoxic chemotherapyt 2064 (8.4) 1043 (8.9) 1021 (7.9)
Pemetrexed 935 (3.8) 673 (5.7) 262 (2.0)
Immune checkpoint inhibitors 325 (1.3) 139 (1.2) 186 (1.4)
Cetuximab 46 (0.2) 0(0.0) 46 (0.4)
Ifosfamide 798 (3.2) 257 (2.2) 541 (4.2)

Missing data: In the overall cohort (n=24717), ethnicity was missing in 3075 (12.4%), body mass index in 3889 (15.7%), smoking in 1639 (6.6%), WBC
countin 275 (1.1%), hemoglobin in 270 (1.1%), platelet count in 470 (1.9%), serum magnesium in 6577 (26.6%), serum calcium in 3356 (13.6%),
serum albumin in 1938 (7.8%), cisplatin dose in 83 (0.3%), and immune checkpoint inhibitors in 5 (<0.1%).

eGFR=estimated glomerular infiltration rate; IQR=interquartile range; WBC=white blood cell.

*eGFR was calculated using the 2021 Chronic Kidney Disease Epidemiology Collaboration equation.*’

tReceipt of concomitant nephrotoxic chemotherapy was assessed within 30 days before receipt of cisplatin, and included pemetrexed, immune checkpoint
inhibitors (pembrolizumab, nivolumab, atezolizumab, durvalumab, avelumab, ipilimumab, and cemiplimab), cetuximab, and ifosfamide.

magnesium level, and cisplatin dose. Supplemental
table S3 shows a full description of the primary model.
Supplemental figure S4 shows partial effect plots for
the restricted cubic spline analyses.

Simple risk model—Nine covariates were included
in the simple risk model; fig 2 shows the odds ratios
and associated risk points. With the addition of serum
creatinine to the simple risk model, the area under the
curve of the simplified model remained unchanged,
and therefore serum creatinine was not included in
the interest of parsimony. The total number of points a
patient could be assigned ranged from 0 to 22.5, whereas
the actual range was O to 20.5 (ie, no patient had a score
of >21). In both the derivation cohort and the validation
cohort, a higher score monotonically predicted a higher
risk of CP-AKI, the incidence of which ranged from 0.9%

thelbmj | BMJ2024;384:e077169 | doi: 10.1136/bm;j-2023-077169

to 23.5% in the derivation cohort and 0.7% to 16.7%
in the validation cohort (fig 2). Supplemental figure S5
shows additional model characteristics.

CP-AKI by risk score category—In the derivation
cohort, rates of CP-AKI ranged from 1.3% in the low
risk category to 23.5% in the very high risk category
(odds ratio 24.00 (95% CI 13.49 to 42.738) for the very
high versus low risk category; fig 3). In the validation
cohort, rates of CP-AKI ranged from 1.1% in the low
risk category to 16.7% in the very high risk category
(17.87 (10.56 to 29.60) for the very high versus low
risk category; fig 3). Supplemental figure S6 shows the
incidence and odds ratios for CP-AKI according to risk
score categories in fourths.

Diagnostic accuracy and comparison with previous
models—We internally validated our model using
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Risk Oddsratio  Score § Derivation cohort
factor (95%CD % 100 5 m— % with CP-AKI
Age (years) ® = % with risk score or higher

<45 1 (reference) 0 'E 80 £ 20

46-60 29020610409 25 g S

61-70 41229110583 35 § 0| &1

>70 515(349107.60 45 ¥ o £

Hypertension 1.31(1.09t0 1.58) 1 E %

Diabetes 1.30(1.02t0 1.64) 1 g 20 a s .
Current/former smoker 1.20(1.00to 1.45) 1 4 ©

Hemoglobin (g/L) ,§ ol o — - . I . [

=120 1 (reference) 0 I 0-3.5 4-55 6-7.5 8-9.5 10-11.5 12-13.5 14-15.5 216
110-119 1.41(1.10t01.82) 1 ! b b S :
<110 16212810205 15 Low risk Moderate risk High risk Very high risk
White blood cell count (x10°/L) Risk score

<12.0 1 (reference) 0 - o

12,0 15912510202 15 & 100 Validation cohort
Serum albumin (g/L) E’

>38 1 (reference) 0 _%o 80 g 16

33-38 1.28(1.01t01.62) 1 ] g

<33 1.73(1.30t02.29) 1.5 g 60 S 12
Serum magnesium (mmol/L) 2 -"é

>0.82 1 (reference) 0 2 40 c 8

<0.82 1.39(1.14t01.70) 1 s <
Cisplatin dose (mg) 5 20 S 4 ‘ I

<50 1 (reference) 0 E:; l . -

51-75 216(1.47t03.18) 2 "'3 (O 0 L — =

26100 31901010484 25 & ‘0-3.5 4-5.5‘ ‘6-7.5 8—9.5‘ 1‘0-11.5 12-13.5 14-1 5“5 | 216 |
101-125 341(2.14t05.44) 3 Low risk Moderate risk High risk Very high risk
126-150 6.40(4.29t09.53) 5 Risk score

151-200 8.81(5.99t012.94) 7.5

>200 11.74(7.68t017.94) 9.5

Fig 2 | Risk factors for CP-AKl in the simple risk model, and incidence of CP-AKI according to risk score in the derivation and validation cohorts. The
left panel shows the risk factors for CP-AKl in the simple risk model, along with their odds ratios and associated score points. The top right and
bottom right panels show the incidence of CP-AKl in the derivation and validation cohorts, respectively, according to risk score. Cl=confidence
interval; CP-AKl=cisplatin associated acute kidney injury

bootstrapping, and the optimism corrected area
under the curve was 0.74. To assess generalizability
of the model, we performed external validation in an
independent validation cohort composed of data from
five academic medical centers. The C statistic for the
primary model was 0.76 (95% CI 0.74 to 0.78) in the
derivation cohort, 0.72 (0.70 to 0.75) in the validation
cohort, and 0.75 (0.73 to 0.76) in the overall dataset.
The primary model for the validation cohort was well
calibrated (see supplemental figure S7). The primary
model also had superior performance in predicting
CP-AKI compared with the three existing models,
with the Motwani et al,> de Jongh et al,'* and Bhat
et al> models having C statistics of 0.68, 0.60, and
0.60, respectively, when tested in our dataset (DeLong
P<0.001 for each comparison) (fig 4). Supplemental
figure S8 shows the decision curves for the primary
model, simple model, and three existing models, and
the net benefit for both the primary and the simple
model compared with the existing models.

Additional analyses and secondary outcomes—
Discrimination of the primary model was similar across
all five additional analyses (see supplemental figure

S9). Moreover, the C statistic remained unchanged
(0.75 (95% CI0.74 to 0.77)) upon exclusion of patients
with only a follow-up serum creatinine value in the
four days after a first dose of intravenous cisplatin
(1581/36 483 (4.3%) excluded). When the model
was refit for the first two secondary outcomes (see
supplemental table S3), the C statistics were 0.71 and
0.74 for CP-AKI defined using a more liberal or a stricter
definition, respectively, and it outperformed each of the
three previously published models (see supplemental
figure S10; DeLong P<0.001 for each comparison).
For the secondary outcome of the composite of major
adverse kidney events within 90 days, 9.3% of patients
(1841/19732) with data available at day 90 met the
composite outcome, and the C statistic of the model
was 0.79 (95% CI 0.78 to 0.81) (DeLong P<0.001; see
supplemental figure S10).

CP-AKI severity and survival—Greater severity of
CP-AKI was monotonically associated with decreased
survival at 90 days (log-rank P<0.001; adjusted
hazard ratio 4.63 (95% CI 3.56 to 6.02) for stage 3
acute kidney injury versus no acute kidney injury; fig
5) and one year (see supplemental figure S11). Higher

doi: 10.1136/bmj-2023-077169 | BMJ 2024;384:e077169 | thebmj

"yBuAdoo Ag pa1os1old 1s8nb Ag 20z [Mdy 8 U0 /Wod"fwg mmmy/:dny wolj papeojumod 20z YdJeN Lz Uo 69T./0-£202-Iwa/9eTT 0T Se paysiiand 1si CNg


http://www.bmj.com/

RESEARCH

Derivation cohort

8 20
o
(%
& 15
2
[%}
(=
= 10
>4
<
& s
NI |
Low Moderate High Very high
Risk score category
No with CP-AKI 27 183 371 27
No of patients 2139 5489 4023 115
% with CP-AKI 1.3 33 9.2 235
Validation cohort
S 16
[}
o
& 12
b=
(%]
[=
= 8
4
<
S 4
NI
Low Moderate High Very high
Risk score category
No with CP-AKI 49 160 187 25
No of patients 4426 5982 2483 150
% with CP-AKI 1.1 2.7 7.5 16.7

Risk score
Low
Moderate
High

Very high

Risk score
Low
Moderate
High

Very high

Odds ratio
(95% CI) for CP-AKI

Odds ratio
(95% CI) for CP-AKI

[ ] 1 (reference)
2.70(1.83t0 4.14)
7.94 (5.47 to 12.06)
24.00 (13.49t0 42.78)

1
05 1 2 4 8 16 32 64

Odds ratio
(95% CI) for CP-AKI

Odds ratio
(95% CI) for CP-AKI

[ ] 1 (reference)
—-— 2.49(1.82t0 3.48)
--— 7.28(5.34t010.11)
—a— 17.87 (10.56 to 29.60)
[
05 1 2 4 8 16 32 64

Fig 3 | Incidence of CP-AKI according to risk score category in the derivation cohort and validation cohort. Cl=confidence interval; CP-AKl=cisplatin

associated acute kidney injury

stage of CP-AKI was also monotonically associated
with an increased risk for the composite outcome of
major adverse kidney events within 365 days (see
supplemental figure S12).

Discussion

In a multicenter cohort study of >24 000 adults treated
with intravenous cisplatin between 2006 and 2022,
we identified key risk factors for severe acute kidney
injury based on readily available variables at the time
cisplatin was administered. Using these data, we
derived and characterized a simple clinical prediction
score for CP-AKI comprising nine components that
distinguishes patients at low risk versus high risk.
Further, we externally validated our score using data
from patients treated at five geographically diverse
hospitals across the US, and we showed the superior
discrimination of our model in predicting CP-AKI
compared with three existing models.”> ' 23 Lastly,
we found a strong monotonic and independent

thelbmj | BMJ2024;384:e077169 | doi: 10.1136/bmj-2023-077169

association between CP-AKI and death, underscoring
the importance of identifying those at highest risk for
this condition.

Comparison with other studies

The C statistic of our model was 0.75, outperforming
previous clinical prediction models for CP-AKI, which
achieved values ranging from 0.60 to 0.68. These
previously published prediction models had important
limitations that we sought to address, including
modest sample size, lack of external validation, non-
contemporary data, and use of liberal definitions of
acute kidney injury (based on small changes in serum
creatinine levels) that may lack clinical relevance. The
largest of these studies, by Motwani et al,?* assessed
CP-AKI in 4481 patients treated with cisplatin at
two centers within an integrated healthcare system.
The study found that older age, hypertension, lower
serum albumin level, and higher cisplatin dose were
each associated with a higher risk of CP-AKI, similar
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Fig 4 | Performance of the primary and simple models compared with three previous
models. Top panel shows a comparison of the discrimination of the primary and
simple models (Gupta et al) with three existing models (Bhat et al,"* de Jongh et al,*
and Motwani et al.? for CP-AKI. DeLong P<0.001 for comparison of the Gupta et al
models to each of the other three models. Bottom panel shows a comparison of the
study characteristics and risk factors for CP-AKI identified in the Gupta et al models

versus three previous models. *In the study by Motwani et al,”> development and

validation cohorts were used, but patients were derived from two hospitals within
the same integrated healthcare system. tIn the study by de Jongh et al,** female sex
was associated with a higher risk of CP-AKI, whereas in the study by Bhat et a
sex was associated with a higher risk. ¥Data on paclitaxel were not available in the
current dataset. AUC=area under the curve; Cl=confidence interval; CP-AKl=cisplatin
associated acute kidney injury
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to the findings of our model. In that study, however,
only a limited number of predictors was assessed,
true external validation was lacking, and CP-AKI was
defined liberally as a 26.5 pmol/L increase in serum
creatinine within 14 days of a first dose of intravenous
cisplatin. In contrast, we focused on the more clinically
relevant outcome of doubling of serum creatinine level
or receipt of kidney replacement therapy.

Other studies that examined risk factors for CP-AKI
were limited by similar issues and considerably smaller
sample sizes. De Jongh et al'* and Bhat et al*> examined
risk factors for CP-AKI in 400 and 233 patients,
respectively. Risk factors identified included older
age, female sex, black race, hypertension, diabetes
mellitus, current smoking, hypoalbuminemia, and
concomitant treatment with paclitaxel. Interestingly,
neither study identified cisplatin dose as a risk factor
for CP-AKI, perhaps because the patients all received
similar doses. Zhu et al recently studied CP-AKI
among 256 patients who received cisplatin at a single
hospital in China.?? In addition to age, hypertension,
and diabetes mellitus, the authors found that serum
cystatin C and urinary kidney injury molecule-1 levels
were each associated with CP-AKI. These biomarkers
were measured after multiple cycles, however, raising
concerns about reverse causality.

Unlike previous studies, in which serum albumin
was the only routinely available laboratory value
identified as a risk factor for CP-AKI, we identified
several novel risk factors, including white blood
cell count, hemoglobin level, platelet count, serum
creatinine level, and serum magnesium level. Though
some of these risk factors may simply reflect overall
health, serum magnesium is particularly intriguing.
Hypomagnesemia due to renal magnesium wasting
is a well recognized manifestation of CP-AKI, but
hypomagnesemia as a risk factor for CP-AKI has not
been well documented. Hypomagnesemia is a risk
factor for CP-AKI in animal studies, possibly as a
result of downregulation of key transporters expressed
in the proximal renal tubule (multidrug resistance
proteins 4 and 6).%*3* Because these transporters are
responsible for secreting cisplatin into the tubular
lumen, their downregulation leads to intracellular
accumulation of cisplatin and therefore acute kidney
injury. Alternatively, patients may have had pre-
existing tubular dysfunction from previous exposure to
alternative nephrotoxic chemotherapy, thereby leading
to hypomagnesemia and predisposing to acute kidney
injury. Future studies should examine whether overall
kidney health, assessed not only by serum creatinine
but also by proteinuria and electrolyte abnormalities
indicative of tubular dysfunction, aid in risk prediction
of CP-AKI.

In addition to the risk factors identified for CP-
AKI, we also found that greater severity of CP-AKI
is associated with decreased 90 day and one year
survival. Acute kidney injury has been associated
with an increased risk of death in other contexts,
such as critically ill patients,?’! but it has not been
examined on a large scale in patients receiving
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Fig 5 | CP-AKI severity and mortality. Top panel shows cumulative incidence of death
in the first 90 days after cisplatin was administered according to CP-AKI stage.

CP-AKI severity was categorized into four groups according to stage of AKI: no AKI,
stage 1 AKI (an increase in serum creatinine 226.5 pmol/L or a 1.5-1.9-fold increase
in serum creatinine level), stage 2 AKI (2-2.9-fold increase in serum creatinine), or
stage 3 AKI (23-fold increase in serum creatinine, or kidney replacement therapy),
each assessed within 14 days after cisplatin was administered. Bottom panel shows a
multivariable Cox model for 90 day survival according to CP-AKI stage. The model was
adjusted for age, male sex, body mass index, hypertension, diabetes mellitus, chronic
obstructive pulmonary disease, current or former smoker status, serum creatinine
level, hemoglobin level, white blood cell count, platelet count, serum albumin level,
serum magnesium level, cisplatin dose, and concomitant nephrotoxic chemotherapy
(binary variable that included pemetrexed, cetuximab, ifosfamide, or immune
checkpoint inhibitors within 30 days before a first dose of intravenous cisplatin).
AKl=acute kidney injury; Cl=confidence interval; CP-AKl=cisplatin associated acute
kidney injury

cisplatin. The association between CP-AKI and death
may be due to premature discontinuation of cisplatin
therapy or ineligibility for other treatments that are
renally cleared. Additionally, acute kidney injury can
predispose to cardiovascular disease and infection,
which may also explain the association between CP-
AKI and death.>® These findings are important, as life
expectancy among patients with cancer has increased
over time,?® and these gains may be offset in those who
develop CP-AKI. Accordingly, tools that allow clinicians
to readily identify those at highest risk of CP-AKI may
lead to better patient selection and implementation of
prophylactic measures.

thelbmyj | BMJ 2024;384:e077169 | doi: 10.1136/bmj-2023-077169

Strengths and limitations of this study

Our study has several notable strengths. First, the large
sample size enabled us to confirm previously discovered
risk factors for CP-AKI, to identify novel ones, and to
develop a model that can predict risk of CP-AKI across
a wide spectrum (fig 2). Second, our study focused
on severe CP-AKI, with previous studies examining
milder forms of kidney injury of less clinical relevance.
Third, we were able to rigorously externally validate
our model by including data from six geographically
diverse centers from across the US, thereby increasing
the generalizability and reproducibility of our findings.
Fourth, our findings were consistent across five
additional analyses and three secondary outcomes,
further confirming the validity of our findings. Fifth,
we included patients treated with cisplatin from
2006 to 2022, and an additional analysis limited to
patients treated in 2016 or later found similar model
discrimination compared with our primary model.
Accordingly, our findings reflect contemporary practice
patterns and are applicable to patients being treated
today.

We also acknowledge several limitations. First,
data on medications used at home were not available.
Second, because cancer type could not be reliably
differentiated based on ICD codes (since a patient
could have multiple malignancies), the association we
report between severity of CP-AKI and survival should
be interpreted cautiously as these analyses were
not adjusted for cancer type or stage. Nevertheless,
cisplatin dose is likely a much more important
predictor of CP-AKI than the underlying type of
malignancy, and we are unaware of any studies that
found cancer type to be an important risk factor for
CP-AKI. Third, our study was limited to centers within
the US. CP-AKI is, however, common both within and
outside the US. Moreover, unlike novel anticancer
agents that are often costly and therefore may not be
as widely available, cisplatin is cheap, effective, and
used in patients with cancer worldwide. Accordingly,
our results are likely to be generalizable to patients
outside the US. Fourth, discrimination of the primary
model was modest, with a C statistic of 0.75. However,
our model considerably outperformed all previous
models, both for the primary outcome as well as for
each of the secondary outcomes. It is likely that major
improvements in risk prediction of CP-AKI will only
become available when other factors (eg, genetics) are
considered, or with the addition of novel biomarkers.
However, novel AKI biomarkers such as urinary
kidney injury molecule-1 and neutrophil gelatinase
associated lipocalin may only be able to predict CP-AKI
if measured after cisplatin has been administered, in
which case their utility for a priori risk stratification
will be limited. Moreover, many of these markers are
not routinely available in current clinical practice.

Implications

Our study has important implications for patients
with cancer who are treated with cisplatin. Cisplatin
continues to be widely used, and acute kidney injury is

9
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one of its most common and important complications,
as it can lead to discontinuation of therapy and
ineligibility for other treatments. Using data readily
available before cisplatin was administered, we
identified several risk factors for severe CP-AKI.
These patient and treatment specific risk factors for
severe CP-AKI can be used to identify those patients
who may possibly benefit from preventive measures,
close monitoring, and consideration for alternative
treatments. We shared our results during a patient
centered focus group that included six patients who
had received cisplatin, of whom two (33%) developed
CP-AKI. We then designed an algorithm that outlines
our recommendations for providers according to
different risk categories for CP-AKI (see supplemental
figure S13). Future studies should validate these
recommendations.

Conclusion

We developed a simple, externally validated risk score
for severe CP-AKI. This model should help providers
weigh the risks and benefits of cisplatin and will allow
for enrichment of prospective studies designed to
prevent CP-AKI.
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